INTRODUCTION
Mast cells are immunocompetent cells that are found in almost all tissues and function as sentinels of immune responses. 1 They are descendents of hematopoietic stem cells 2 and undergo terminal differentiation within the tissues in which they reside. 3 Murine mast cells are usually classified as mucosal mast cells (MMCs) and connective tissue-type mast cells (CTMCs) . 1 This classification originally described the distribution of the cells. MMCs are located primarily in the gastrointestinal mucosa and lung bronchi, and CTMCs are widespread in all connective tissues, such as skin. However, many other differences exist between MMCs and CTMCs in addition to location. 1, 3 In terms of their cytoplasmic granules, MMCs have chondroitin sulfate-containing granules, whereas those of CTMCs are rich in heparin. 1, 3 In a previous study, we reported the differential expression of a transcription factor between these two types of mast cells, specifically that CTMCs expressed signal transducer and activator of transcription (Stat) 4, whereas MMCs did not. 4 Interleukin (IL)-3 and Kit ligand (KitL) (also known as stem cell factor, steel factor, mast cell growth factor) play central roles in mast cell proliferation and survival. [5] [6] [7] IL-3-dependent cultured mast cells (cultured MMCs) show an immature phenotype and are almost identical to MMCs. 5, 6 KitL-dependent cultured mast cells (cultured CTMCs) exhibit a CTMC-like phenotype. 7 Co-culture of cultured MMCs with fibroblasts results in changes to a CTMC-like phenotype, because fibroblast-expressed KitL stimulates the cultured MMCs. 8 IL-3 and KitL stimulation activates certain common signaling pathways, including Janus kinase (Jak)/Stat. 9, 10 Stat proteins are expressed in mast cells, and Jak/Stat signaling pathways are important for mast cell biology as well as for that of other immune cells. 4, [9] [10] [11] [12] [13] [14] Stat3 activation is observed in human mastocytoma cells in which Kit bears a dominant active mutation. 9 Stat5a/Stat5b is activated by both IL-3 and KitL stimulation, and mast cells cannot develop in Stat5a/Stat5b double-deficient mice. 10 Stat6 is involved in signaling with IL-4, 11 another cytokine important for mast cell growth. Stat6-dependent IL-4 signaling in cultured MMCs suppresses expression of IL-4, 11 FceRI, 12 Kit 13 and TNF-a.
14 Stat4 mediates IL-12 signaling and its deficiency causes an impaired Th1 immune response. 15 As stated above, Stat4 is expressed in CTMCs and involved in their Th1 immune responses. 4 In this report, we describe a novel role of Stat4 in CTMC. We found that Stat4-deficient Balb/c mice had a higher number of skin CTMCs than Balb/c þ / þ mice. We also demonstrated that cultured Stat4-deficient CTMCs showed enhanced cell cycle progression and increased cyclin D3 expression compared to cultured Balb/c þ / þ CTMCs. These were due to increased Stat3 activation in cultured Stat4-deficient CTMCs by KitL-induced IL-6 in an autocrine manner. This autocrine pathway has important roles in the increased number of tissue CTMCs in Stat4-deficient Balb/c mice. These data provide new insight into the role of Stat proteins in mast cells.
MATERIALS AND METHODS Mice
All animal care and experimentation were conducted in accordance with the Animal Care and Use Committee Guidelines of the Osaka Medical Center for Cancer and Cardiovascular Diseases or National Institute of Allergic and Infectious Diseases. Balb/c þ / þ mice were purchased from Japan SLC (Hamamatsu, Japan) or Jackson Laboratory (Bar Harbor, ME, USA), and Stat4-deficient Balb/c mice were purchased from Jackson Laboratory. 15 Mice were maintained by repeated backcrosses to our own inbred colonies.
Antibodies, Cytokines and Reagents
Anti-cyclin D3 antibody (Ab) and anti-Stat3 Ab were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-b-tubulin Ab was purchased from Sigma Chemical (St Louis, MO, USA). Anti-phospho-Stat3 (Tyr705) Ab was purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-IL-6 Ab (clone: MP5-20F3) and isotype control rat IgG 1 (clone: R3-34, 'control IgG') were acquired from BD Pharmingen (San Diego, CA, USA). The secondary Abs were peroxidase-labeled anti-rabbit or anti-mouse immunoglobulin (Ig) G antibodies (MBL, Nagoya, Japan). IL-3 (rmIL-3) was purchased from R&D Systems (Minneapolis, MN, USA). Recombinant mouse KitL (rmKitL) was purchased from Peprotech (London, UK). STI571 (Imatinib) was purchased from Novartis Pharma AG (Basel, Switzerland). The specific Stat3 antisense oligodeoxynucleotide ('Stat3 decoy') and control oligodeoxynucleotide were described previously. 16 
Culture of Mast Cells
Mice (4-6 weeks of age) were used to obtain cultured mast cells. The mice were killed by decapitation following ether anesthesia and their spleens were removed. To prepare spleen cell suspensions, spleens were passed through a mesh. Spleen cells were cultured in a-MEM supplemented with 10% fetal calf serum (FCS) and 10 ng/ml rmIL-3 for 6 weeks. 4 Half of the medium was replaced every 5 days. More than 99% of non-adherent cells contained alcian blue-positive/safraninnegative granules, and were therefore considered to be cultured MMCs. In some experiments, spleen cells were cultured in a-MEM supplemented with 10% FCS and rmKitL (50 ng/ml) for 8 weeks. 4, 7 Half of the medium was replaced every 5 days. Greater than 99% of non-adherent cells contained alcian blue-positive/safranin-positive granules and were therefore considered to be cultured CTMCs.
Staining and Counting of Mast Cells
At 6 weeks after birth, mice were killed by decapitation after ether anesthesia. Mast cell numbers in the skin, peritoneal cavity and glandular stomach were estimated, as described previously. 17 In some experiments, we collected 1 Â 10 4 non-adherent splenocytes derived from Balb/c þ / þ or Stat4-deficient mice after 2-week culture in KitL-contained medium (50 ng/ml), and re-suspend in KitL-contained medium (50 ng/ml) with or without imatinib (1 mM).
18 Once a week, we counted the cell numbers for additional 6-week culture.
Flow Cytometry
Cultured CTMCs with or without exposure to anti-IL-6, control IgG, Stat3 decoy or mutant decoy, were washed, fixed and treated with RNase A. The cells were stained with 700 mM propidium iodide for 30 min at room temperature. The cells were then analyzed using a FACScan flow cytometer (Becton Dickenson, Los Angeles, CA, USA), and the ratio of cells in S or G2/M phase using WinMDI was calculated (The Scripps Research Institute, La Jolla, CA, USA).
Bromodeoxyuridine Cell Proliferation Assay
Cultured MMCs with rmIL-3 (10 ng/ml) or cultured CTMCs with rmKitL (50 ng/ml) were re-cultured for 1 day at 1.5 Â 10 5 cells/100 ml in 96-well plates. Incorporation of bromodeoxyuridine (BrdU) into cultured MCs was assayed for using a BrdU cell proliferation assay kit (Calbiochem, San Diego, CA, USA), according to the manufacturer's instructions.
Immunoblotting
Whole-cell extracts of cultured MCs were obtained as described previously. 4 The extracts were suspended in loading buffer, boiled, and analyzed by immunoblotting with anti-cyclin D3, anti-b-tubulin, anti-Stat3 or anti-phosphoStat3 (Tyr705) Abs and the corresponding secondary Abs. Protein levels were assayed with the ECL-plus detection kit (Amersham Life Sciences, Buckinghamshire, UK).
ELISA Cultured MCs were re-cultured with rmKitL (50 ng/ml) for 1 day at 1 Â 10 5 cells/ml in 24-well plates. In some experiments, cultured CTMCs were exposed to an anti-IL-6 Ab overnight. The culture supernatants were assayed for IL-6 (R&D Systems) using an ELISA kit, and phospho-Stat3 (Tyr705) in CTMCs was assessed using an ELISA kit (Cell Signaling), according to the manufacturer's instructions.
Immunohistochemistry
Skin tissues derived from Balb/c þ / þ or Stat4-deficient Balb/c mice were fixed in freshly prepared 4% paraformaldehyde in 0.1 mol/l of phosphate buffer (pH 7.4) for 12 h at 41C Tissues were then dehydrated and embedded in paraffin. Serial sections (4 mm thick) were cut. One of the section was stained with alcian blue and nuclear fast red to identify MCs, 17 while the others were used for phospho-Stat3 staining. Immunoreacted cells to anti-phospho-Stat3 Ab were visualized with peroxidase and 0.05% diaminobenzidine-0.02% H 2 O 2 solution, according to the manufacturer's instructions.
Statistical Analysis
Data were expressed as the means±s.e. Differences between groups were examined for statistical significance using Student's t-test (Excel; Microsoft, Redmond, WA, USA). A P-value less than 0.05 indicated statistical significance.
RESULTS

Increased Number of Tissue or Cultured CTMCs Derived from Stat4-Deficient Balb/c Mice and Enhanced Cell Cycle Transition in Cultured Stat4-Deficient CTMCs
First, we compared the number of tissue mast cells in Stat4-deficient Balb/c mice vs that in control Balb/c þ / þ mice histologically. The dorsal skin of Stat4-deficient Balb/c mice contained more CTMCs than that of control mice (Table 1 and Figure 1a ). The percentage of peritoneal CTMC per peritoneal cell was significantly higher in Stat4-deficient Balb/c mice than in control mice (Table 1) , though the total numbers of peritoneal cells were comparable between Balb/ c þ / þ mice and Stat4-deficient Balb/c mice (8.5 ± 1.2 Â 10 7 cells per mouse vs 6.9 ± 1.4 Â 10 7 cells per mouse, P40.05). The number of tissue MMCs in the mucosa of glandular stomach was comparable between Stat4-deficient Balb/c and control mice (Table 1 and Figure 1b) . In contrast, the number of tissue CTMCs in the submucosa of glandular stomach was significantly higher in Stat4-deficient Balb/c mice than in control mice (Table 1) .
Because KitL-dependent cultured mast cells are considered to have a phenotype similar to CTMCs, 7 we next examined the proliferative phenotypes of KitL-dependent cultured mast
CTMCs) and those from Stat4-deficient Balb/c mice (cultured Stat4-deficient CTMCs). The morphological features or histamine content of cultured Balb/c þ / þ CTMCs and cultured Stat4-deficient CTMCs were essentially the same. The level of Kit mRNA or protein of cultured Stat4-deficient CTMC was comparable with that of cultured Balb/c þ / þ CTMC (data not shown). We also observed that the expression level of FceRI on cultured Balb/c þ / þ CTMC was comparable with that on cultured Stat4-deficient CTMC (data not shown).
We counted the cell number of KitL-dependent splenocytes derived from Balb/c þ / þ or Stat4-deficient Balb/c mice. The cell numbers of both cultured Balb/c þ / þ and Stat4-deficient splenocytes increased during the culture in KitL-contained medium. The increase in the number of cultured Stat4-deficient CTMCs was significantly greater than that of cultured Balb/c þ / þ CTMCs after 7 weeks from the start of the culture (Figure 2a ). STI571 (Imatinib) is known as mouse Kit-KitL signal inhibitor. 18 We used this inhibitor to elucidate the Kit-KitL signal effects on the CTMC numbers. The numbers of both Balb/c þ / þ and Stat4-deficient splenocytes in the presence of STI571 gradually decreased. There was no significant difference between the number of Balb/c þ / þ cells and that of Stat4-deficient cells in the presence of STI571 (Figure 2a) . These results seemed to show that Kit-KitL-dependent proliferative signal was enhanced in Stat4-deficient CTMCs.
To examine proliferative phenotypes of CTMCs more closely, we examined the cell cycle status of these cells using flow cytometry and calculated the percentage of cells in the G2/M and S phases. The percentage of cultured Stat4-deficient CTMCs in the G2/M and S phases was significantly higher than that of cultured Balb/c þ / þ CTMCs (Stat4-deficient CTMCs 16.5 ± 0.7% vs Balb/c þ / þ CTMCs 9.3 ± 0.9%, Po0.05, Figure 2b ). Stat4 had an inhibitory effect on the KitL-dependent proliferation of CTMCs. In addition to KitL, IL-3 is important for mast cell proliferation. [5] [6] [7] There was no difference between the percentage of cultured Stat4-deficient CTMCs in the G2/M and S phases and than that of cultured Balb/c þ / þ CTMCs with IL-3 stimulation (data not shown). We also examined incorporation of BrdU into cultured MMCs or CTMCs derived from Stat4 þ / þ or Stat4 À/À Balb/c mice to assess the proliferative responses to KitL. BrdU will be incorporated into dividing cells. 19 The incorporation of BrdU into cultured Stat4-deficient CTMCs with KitL (Figure 2c) . Stat4 suppresses mast cell proliferation TR Kataoka and Y Nishizawa examine whether the cell cycle progression in cultured Stat4-deficient CTMCs was attributable to Stat3 activation, we used the Stat3 decoy, a specific inhibitor of Stat3 signaling. 16 Administration of the Stat3 decoy dramatically decreased the percentages of cells in the G2/M and S phases of cultured Balb/c þ / þ and Stat4-deficient CTMCs (Table 2) , demonstrating that Stat3 was indeed involved in the cell cycle progression of cultured CTMCs.
Cyclin D3 is rate limiting for G1-to S-phase transition and cell cycle progression in mast cells, 23 and we found that Stat4 suppressed the expression of cyclin D3 in KitL-mediated cultured CTMC proliferation. We checked the protein level of cyclin D3 in cultured Balb/c þ / þ or Stat4-deficient CTMCs by western blotting. The amount of cyclin D3 proteins in cultured Stat4-deficient CTMCs was larger than that of cultured Balb/c þ / þ CTMCs (Figure 3) . Cyclin D3 expression level was correlated with the proportion of cultured CTMCs in G2/M and S phases. Involvement of Stat3 in cyclin D3 expression has also been reported. 24 This prompted us to analyze the Stat3 effect on protein levels of cyclin D3 in the cultured CTMCs. Western blotting analysis also revealed that cyclin D3 level was decreased in cultured Balb/c þ / þ and Stat4-deficient CTMCs, when Stat3 decoy was administrated ( Figure 3 ). To examine the status of Stat3 in cultured Balb/c þ / þ and Stat4-deficient CTMCs, we examined the amounts of total Stat3 and Tyr705 phospho-Stat3 by western blotting. The levels of total Stat3 were comparable between cultured Balb/c þ / þ CTMCs and Stat4-deficient CTMCs (Figure 4a ). In contrast, the amount of Tyr705 phospho-Stat3 was higher in cultured Stat4-deficient CTMCs compared to cultured Balb/c þ / þ CTMCs (Figure 4a ).
KitL stimulation activates IL-6 secretion from cultured mast cells, 25 and IL-6 is known to induce Stat3 phosphorylation at the Tyr705 residue. 26 Next, we examined whether KitL-induced IL-6 had an effect on the phosphorylation of Stat3 in cultured CTMCs and whether it occurred via an autocrine mechanism. Neutralizing antibodies against IL-6 (10 ng/ml) significantly lowered the amounts of Tyr705 phospho-Stat3 in cultured Stat4-deficient CTMCs (Figure 4a ). In contrast, the amount of Tyr705 phospho-Stat3 in cultured Balb/c þ / þ CTMCs was not influenced by addition of the neutralizing antibodies (Figure 4a ). ELISA analysis showed essentially similar results (Figure 4b ). The inhibitory effect of neutralizing antibodies against IL-6 on the phosphorylation of Stat3 was dose dependent (Figure 4c ). These data showed that IL-6 induced Stat3 phosphorylation in cultured CTMCs by the autocrine manner.
The level of Tyr705 phospho-Stat3 was lower in cultured Balb/c þ / þ or Stat4-deficient MMCs in IL-3-contained medium when compared to cultured Balb/c þ / þ CTMCs, and there was no difference between the amount of Tyr705 phospho-Stat3 and that of cultured Balb/c þ / þ CTMCs (data not shown).
We also examined the effect of IL-6 neutralization on the cell cycle status of cultured Balb/c þ / þ and Stat4-deficient CTMCs using flow cytometry. Anti-IL-6 antibodies significantly reduced the percentage of cultured Stat4-deficient CTMCs in the G2/M and S phases, but not that of cultured Balb/c þ / þ CTMCs ( Table 2 ). In contrast, administration of anti-IL-6 antibodies with Stat3 decoy declined the percentage of both cultured Balb/c þ / þ and cultured Stat4-deficient CTMCs in the G2/M and S phases (Table 2) , like the data of by t-test when compared to the value of cultured Stat4 À/À CTMCs.
Stat4 suppresses mast cell proliferation TR Kataoka and Y Nishizawa
Stat3 decoy sole administration (Table 2) . Taken together, administration of anti-IL-6 administration declined the percentage of cultured Stat4-deficient CTMCs in the G2/M and S phases but did not that of cultured Balb/c þ / þ CTMCs, though Stat3 decoy administration with or without anti-IL-6 antibodies did decrease the percentage of both cultured Balb/c þ / þ and cultured Stat4-deficient CTMCs in the G2/M and S phases. These data show that IL-6 contributed to the cell cycle transition of cultured Stat4-deficient CTMCs in autocrine-and Stat3-dependent manners.
Next, we checked the amounts of IL-6 produced by cultured Balb/c þ / þ or Stat4-deficient CTMCs in KitL (50 ng/ml)-containing medium. Cultured Stat4-deficient CTMCs produced significantly larger amounts of IL-6 than cultured Balb/c þ / þ CTMCs ( Figure 5 ). We incubated cultured Balb/c þ / þ or Stat4-deficient CTMCs with STI571, and found that STI571 suppressed IL-6 production from both types of CTMCs ( Figure 5 ). These data suggest that Stat4 in CTMCs suppressed Kit-KitL signaling and downregulated IL-6 production. We also compared IL-6 production between cultured Balb/c þ / þ MMCs and cultured Stat4-deficient MMCs, but found no significant difference between them ( Figure 5 ). This is compatible with the our previous finding that MMCs did not express a detectable level of Stat4. 4 In Vivo Status of IL-6 and Stat3 of Stat4-Deficient Balb/c Mice To confirm our in vitro data, we checked IL-6 or Stat3 status in Stat4-deficient Balb/c mice. First, we measured the concentration of IL-6 of the blood of Balb/c þ / þ or Stat4-deficient mice. There was no significant difference between that of Balb/c þ / þ mice and that of Stat4-deficient mice 
(data not shown). IL-6 derived from CTMCs seemed to function locally, but not systemically.
To evaluate the status of Stat3 in skin CTMCs of Balb/c þ / þ or Stat4-deficient mice, we executed immunohistochemical stain by using anti-phospho-Stat3 (Tyr705) Ab. We could not detect the positive staining for phosphoStat3 of skin CTMCs of Balb/c þ / þ mice ( Figure 6 ). In contrast, the phospho-Stat3 staining was seen in a part of skin CTMCs of Stat4-deficient Balb/c mice ( Figure 6 ). The proportion of phospho-Stat3-positive CTMCs was 5.33 ± 1.33% in the skin of Stat4-deficient Balb/c mice. These suggested that the frequency of Stat3 activation in Stat4-deficient CTMCs was higher than that in Balb/c
CTMCs in vivo.
DISCUSSION
We found that Stat4 influenced homeostasis of CTMCs, and observed that CTMC number increased in Stat4-deficient Balb/c mice ( Figure 1 , Table 1 ). Stat4 effects on the proliferation of CTMCs explained this observation. We also tested the possibilities that Stat4 had some influences on the numbers of mast cell progenitors, trafficking or survival of mast cells. In contrast to the increased number of tissue CTMCs, the numbers of mast cell progenitors of Stat4-deficient Balb/c mice decreased (data not shown), 27 as is the case of other hematopoietic lineage. 28 We could not find the difference in the trafficking or survival of cultured Balb/c þ / þ CTMCs and that of cultured Stat4-deficient CTMCs (data not shown; Figure 2a ).
The present study showed that Stat4 deficiency in CTMCs upregulated KitL-induced IL-6 autocrine effects. And, there was a difference between the IL-6 neutralization influences on cultured Stat4-deficient CTMCs and those on cultured Balb/c þ / þ CTMCs; IL-6 neutralization showed apparent effects on Stat3 activation and cell cycle progression in cultured Stat4-deficient CTMCs but not those in cultured Balb/c þ / þ CTMCs (Table 2 and Figure 4a, b and d) . These results suggest that a certain level of IL-6 is required for an optimal effect on Stat3 activation or cell cycle progression of CTMCs. In contrast to IL-6 neutralization, Stat3 abrogation or Stat3 inhibition with IL-6 neutralization had a significant effect on the cell cycle progression of both cultured Balb/c þ / þ and cultured Stat4-deficient CTMCs (Table 2) . This difference would be explained by the contribution of Kit-mediated Stat3 phosphorylation in cultured CTMCs. KitL stimulation caused Tyr705 Stat3 phosphorylation in cultured MMCs, 29 and the gain-of-function-type mutation in Kit also induced constitutive phosphorylation of Stat3 at the Tyr705 residue. 22 It is conceivable that the Stat3 decoy was thought to have inhibited both IL-6 receptor-mediated and Kit-mediated signal pathways.
This study showed the important roles of Stat3 in KitL-dependent mast cell proliferation as previously reported.
9,20-22 Grb2-associated binder-2 (Gab2) is also important for KitL-dependent mast cell proliferation by activating the Rac/mitogen-activated protein kinase (MAPK) pathway. 30, 31 In addition, IL-6 activates both Stat3 and Gab/MAPK pathway. 32 We did not detect the difference between the status of this signaling in cultured Balb/c þ / þ CTMCs and that in cultured Stat4-deficient CTMCs (data not shown). Stat4 inhibited IL-6-Stat3 signaling, but did not inhibit IL-6-Gab/MAPK signaling.
We checked the effects of KitL administration on the status of Stat4 in CTMCs. The phosphorylation of Stat4 did not change in cultured CTMCs either with or without KitL. And, we also observed that Stat4 distributed in the cytoplasm of CTMCs either with KitL or without KitL (data not shown). These suggested that Stat4 did not locate in the downstream of Kit-KitL signals, though Stat4 modified KitL-dependent proliferative phenotypes of CTMCs.
Stat4 is important for IL-12 signaling, and Stat4-deficient T cells have diminished proliferative responses to IL-12.
15,33
When we investigated whether the IL-12-Stat4 signal was involved in the proliferation of CTMC, IL-12 administration had no effect on the proliferation of cultured Balb/c þ / þ or cultured Stat4-deficient CTMCs (data not shown). The proliferation of CTMC was not mediated by the IL-12-Stat4 signal, although Stat4 did mediate IL-12-induced IFN-g secretion from CTMCs. 4 In summary, IL-6 induced Stat3 activation in an autocrine manner; this plays a pivotal role in CTMC proliferation, and Stat4 controls this pathway (summarized in Figure 7 ). Our present study thus provides new information on the role of the Stat protein in mast cell biology. Stat4 suppresses mast cell proliferation TR Kataoka and Y Nishizawa
